C entral (aortic) blood pressure (BP) waveform indices independently predict cardiovascular events and all-cause mortality, 1 but the physiological mechanisms to explain the waveform morphology remain disputed. The well-established wave reflection theory ascribes transmission of discrete forward and backward (incident and reflected) waves as the principal contributory factor underlying the shape of the central BP waveform.
C entral (aortic) blood pressure (BP) waveform indices independently predict cardiovascular events and all-cause mortality, 1 but the physiological mechanisms to explain the waveform morphology remain disputed. The well-established wave reflection theory ascribes transmission of discrete forward and backward (incident and reflected) waves as the principal contributory factor underlying the shape of the central BP waveform. 2 However, while providing a plausible description of central BP morphology, recent studies have concluded that the influence of discrete reflected waves on central BP may be less than originally conceived, and this is probably because of wave dispersion along the aorta and entrapment of reflected waves in the periphery. 3, 4 Indeed, augmentation of central BP may be largely attributable to forward wave propagation (as a result of left ventricular [LV] ejection) and proximal aortic reservoir function. [5] [6] [7] [8] [9] Importantly, wave separation theory obscures the pressure buffering role of the highly elastic proximal aorta (ie, the aortic reservoir), and a failure to consider this function may lead to incorrect interpretations of the physiology underlying central BP waveform morphology.
The reservoir-excess pressure concept is an alternate method proposed to explain the underlying physiology of the aortic BP waveform. This method has been used invasively to study changes in aortic BP associated with both aging and exercise. 6, 8 Moreover, indices derived from this model were recently shown to predict cardiovascular events (fatal and nonfatal) and procedures independent from brachial BP and other conventional cardiovascular risk parameters (eg, age, sex, cholesterol, smoking, diabetes mellitus), including Framingham risk score, in an analysis of the Conduit Artery Function Evaluation study. 10 In accounting for the reservoir function of the aorta, 7,11 the reservoir-excess pressure model is founded on the basis that aortic BP can be separated into a volume-related reservoir pressure, which is theorized as representative of the cyclic volume increase (aortic distension) that occurs during systole (to store blood) and volume decrease (aortic recoil) during diastole (to discharge blood), as well as a wave-related (excess) pressure, which can be decomposed into incident and reflected waves. 11 The reservoir-excess pressure concept is underpinned by a mathematical construct, [11] [12] [13] in which derived aortic reservoir (RP derived ) and excess pressure (XP derived ) parameters are calculated from measured pressure with or without flow velocity. Although the reservoir pressure waveform derived from this model shows similarity to the estimated thoracic aortic volume curve in a dog model, 11 there has never been a study in humans to directly measure the aortic reservoir to determine whether the theoretical physiological principles are correct. Accordingly, this study aimed to measure the cyclic changes in aortic reservoir (AR direct ) and compare this to RP derived , as well as XP derived and aortic BP. We hypothesized that there would be a close relationship between AR direct and RP derived , and that both would share a similar relationship with aortic BP.
Materials and Methods
Materials and Methods are available in the online-only Supplement (Figures 1-3 ).
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Results
Clinical Characteristics
The clinical details of study participants are presented in Table 1 . All patients were undergoing coronary bypass grafting, and 1 patient was also having mitral valve repair. Most patients had hypertension or hyperlipidemia, and all were taking pharmacological agents, including antihypertensive, lipid lowering, antiplatelet, and aspirin medications. Three individuals had type 2 diabetes mellitus, for which 2 were receiving insulin therapy. There was a high prevalence of a family history of cardiovascular disease, smoking history, and 3 individuals had previous myocardial infarctions. Although 2 individuals had reduced LV ejection fraction (<50%), all patients were at the lower end of New York Heart Association functional classification. Data from 1 individual were excluded from analysis because of technical difficulty in appropriately tracking aortic wall changes, leaving 9 patients available for analysis of AR direct .
Hemodynamics
All hemodynamic variables are outlined in Table 2 . Aortic pressures (systolic, diastolic, and mean arterial pressure) were maintained at low values during the surgery and research measurements and probably because of this augmentation pressure and augmentation index were also low.
Relationship Between AR direct and RP derived
AR direct was scaled to the same relative amplitude as RP derived , and the relationship between the 2 variables was qualitatively similar ( Figure 4A ). When plotted together across 1 full cardiac cycle, AR direct was significantly and linearly correlated to RP derived from end diastole through to peak systole (r=0.988; P<0.001; Figure 4B , points 1-2) and from peak systole through to end diastole (r=0.985; P<0.001; Figure 4B , points 2-3). Overall, cross-correlation between AR direct and RP derived at zero phase shift was strong (r=0.97). Peak cross-correlation (maximal concordance between waveforms) occurred at a phase lag of 0.004 s (r=0.98; black dot, Figure 4C ), indicating a strong temporal correspondence.
Relationship Between AR direct and Aortic BP
AR direct was scaled to the same amplitude as aortic BP, and this relationship is shown in Figure 4D . When plotted together across a full cardiac cycle ( Figure 4E ), a rise in aortic BP from the onset of systole ( Figure 4E , point 1) was observed, together with a corresponding (although less steep and somewhat lagged) increase in AR direct that continued until peak systole ( Figure 4E , point 2). From peak systole, aortic BP plateaued momentarily (while AR direct continued to rise) before dropping until aortic valve closure at end systole. After closure of the aortic valve, both aortic BP and AR direct decreased linearly to baseline levels at end diastole ( Figure 4E , point 3). Cross-correlation between variables at zero phase shift was high (r=0.80), with peak crosscorrelation found at a phase lag of 0.06 s (r=0.96; Figure 4F ).
Relationship Between RP derived and Aortic BP
To allow visual comparison, RP derived was scaled to the same amplitude as aortic BP and is shown in Figure 4G . When plotted across 1 full cardiac cycle ( Figure 4H ), the relationship between waveforms ( Figure 4H , points 1-3) was qualitatively similar to that observed between aortic BP and AR direct (as shown in Figure 4E ). Cross-correlation at zero phase shift was identical to the overall magnitude of cross-correlation between aortic BP and AR direct (r=0.80). Peak cross-correlation between RP derived and aortic BP occurred at a phase lag of 0.06 s (r=0.98; Figure 4I ), which was similar to the phase lag of peak crosscorrelation of aortic BP and AR direct (as shown in Figure 4F ). These data suggest that RP derived and AR direct share similar temporal relationships with aortic BP.
Discussion
In this study, we present the first physiological validation of the mathematically derived reservoir-excess pressure paradigm in man. Our primary finding demonstrates a significant linear relationship and strong temporal concordance between AR direct and RP derived waveforms. Adding to this, AR direct and RP derived shared the same relationship with aortic BP. Taken together, our results demonstrate that aortic reservoir pressure has a genuine, rather than just theoretical, physiological foundation as corresponding to the volume of blood stored in the aorta and emphasize the importance of the aortic reservoir in describing the morphology of the central BP waveform.
Aortic Reservoir and Excess Pressure: A Physiological Paradigm
The reservoir-excess pressure concept has evolved from wave intensity analysis as a time domain technique to study arterial hemodynamics. 7, 11, 13, [17] [18] [19] As a mathematical model, the decomposition of central BP into reservoir and excess pressure components (derived from measured pressure and flow velocity) has proved a useful 7 and valid technique 12 to describe the central BP waveform and also seems to overcome some conceptual limitations of traditional wave-only models to explain central BP waveform morphology. 11, 17, 18, 20 For the first time, this study shows that the idea of the aortic reservoir as a volume-related pressure component also has physiological merit in man.
Reservoir pressure (and volume) must rise during systole because aortic inflow exceeds aortic outflow, resulting in distension of the vessel wall (storing potential energy) and an increase in aortic volume. Our results confirm this idea because both AR direct (our direct volume measure) and RP derived (theoretical reservoir pressure) rose almost in unison through systole ( Figure 4A and 4B) . As expected, AR direct and RP derived increased more gradually in comparison with aortic BP in this study. Although others have suggested that a strict linear relationship exists between aortic BP and dimensions, 21 our findings lend credence to more recent literature that describes a hysteretic (loop) relationship between aortic BP and dimensions. [22] [23] [24] Physiologically, this makes sense because there must be a delay in the volumetric increase (relative to pressure), while the aorta fills with blood ( Figure 4D-4I) . Importantly, however, a large proportion of the pressure from the column of blood ejected into the arterial network during systole is dampened within the ascending aorta via the reservoir function (≤37%). 25 This buffer role in mitigating cyclic pulsatile fluctuations in BP ensures a more steady flow of blood at the peripheral tissue level and maintains outflow in diastole. After closure of the aortic valve, the aorta recoils (releasing the stored energy) as blood discharges from the proximal aorta into the distal vasculature throughout diastole. At this time, aortic outflow exceeds the inflow (there is no source of continued inflow to the aorta after aortic valve closure), and aortic volume and reservoir pressure decline. Again, this aspect of reservoir function can be observed in our data, as AR direct and RP derived waveforms decline in proportion to each other and aortic BP during diastole (Figure 4) . The gradual decline in reservoir pressure through diastole will maintain diastolic coronary perfusion pressure, while negating the requirement for self-canceling reflected waves that are implicit with wave reflection theory. 7 Aortic reservoir pressure is theorized as the minimum work that the contracting LV must achieve to eject blood into the aorta, 19 and the magnitude of aortic reservoir pressure is highly dependent on the compliance of the vessel. Under optimal conditions, the elasticity of the proximal ascending aorta plays an important role in minimizing excessive pulsatility in BP and LV power expenditure. 26 However, when compliance is reduced (ie, when reservoir function is impaired), some of the pressure buffering capacity is diminished and aortic BP may become elevated because of a more rapid increase in reservoir pressure for a similar rise in aortic volume. 17, 25 This hemodynamic consequence has been demonstrated in animal studies whereby application of noncompliant grafts around (or in replacement of) the proximal aorta acutely yields more pathological central BP waveforms (augmented BP) and increased myocardial load resulting in LV hypertrophy. [27] [28] [29] It is, therefore, not surprising that as the large arteries become stiff with age, 30 the altered aortic reservoir function largely accounts for the augmentation of the central BP waveform. 6 Once the reservoir function of the aorta is considered, the remaining contribution to the central BP waveform (the excess pressure) has been proposed to correspond to the excess LV work beyond the minimum needed for flow ejection into the proximal aorta. 19 Our data lend support to this idea because the addition of XP derived to RP derived (forming total pressure) Data are mean±SD or n (%). n=10. CABG indicates coronary artery bypass graft; CVD, cardiovascular disease; LVEF, left ventricular ejection fraction; and NYHA, New York Heart Association. changed the linear relationship observed between AR direct and RP derived ( Figure 4B ) into the hysteretic relationship observed in Figure 4E . Thus, the energy associated with excess pressure that is lost to hysteresis may, at least in part, reflect myocardial or circulatory inefficiency, as described by Parker et al. 19 These inefficiencies could have clinical relevance beyond conventional cardiovascular risk factors. Indeed, such evidence was recently reported from the Conduit Artery Function Evaluation study, where excess pressure integral was shown to independently predict cardiovascular events. 10 The excess pressure waveform has also been consistently shown to bear striking resemblance to the flow velocity trace in the ascending aorta, 6,7,11,17 representative of LV stroke volume. 20 With regard to Figure 2 , it is XP derived that first rapidly rises with aortic pressure, before AR direct and RP derived (ie, reservoir pressure) more gradually begin to increase as the aorta distends and volume increases. This is also consistent with the notion that the cardiovascular system is designed to favor forward blood flow, minimizing resistance caused by reflected wave energy in the proximal aorta during systole. Changes in excess pressure, or stroke volume, may, therefore, have a pivotal role in determining the shape of the central BP waveform. Indeed, beat-to-beat variation in augmentation pressure, most likely caused by respiratory variation in LV filling (and ejection) patterns, has been observed previously. The morphology of the central BP waveform has long been described in the frequency domain as emanating from discrete outgoing and reflected waves. 2, 32, 33 With each cardiac ejection, a forward propagating wave is transmitted through the arteries toward the periphery. At sites of potential impedance mismatch, part of this wave energy is reflected back toward the heart, resulting in augmentation of central BP if arriving during systole. The time of arrival and magnitude of this reflected wave are posited as the sole contributor to the augmentation of the central BP waveform. 2, 34 Although generally accepted, this traditional explanation of central BP morphology does not take into consideration the reservoir function of the proximal aorta, a function that this study has confirmed is physiological.
Beyond this study, mounting evidence suggests that discrete wave reflection has a less important role in determining the shape of the central BP waveform than originally conceived. 3, 4, 6, 8, 35 Although some reflected wave energy is clearly evident from wave intensity data captured in the human ascending aorta, 4, 8 there seems to be no dramatic shift in reflected wave timing (moving from diastole into systole) that is said to occur with central BP augmentation associated with aging. 35 Indeed, age changes in central BP augmentation are perhaps more likely related to reductions in aortic compliance and reservoir function. 6 Other studies also describe a horizon effect on wave travel, whereby reflected waves become trapped in the periphery or dispersed along the length of the aorta. 3, 4 Our recent work is also consistent with a less prominent role for wave reflection because despite significant augmentation of BP during exercise, reflected wave intensity effectively remains unchanged from resting conditions. 8 
Limitations
This study was conducted in a small sample of participants, who were of older age, under treatment with a number of pharmacological agents, and with significant coronary artery lesions requiring surgery. Moreover, because of the surgical procedure, it was necessary to maintain low BP by pharmacological means resulting in relatively high-flow output with minimal resistance because of peripheral vasodilation. This limited our capacity to examine the influence of higher pressures on aortic reservoir characteristics, where there would be an expectation of a nonlinear decrease in aortic compliance (with transfer of load bearing from elastin to stiffening collagen fibers), 36 and increased augmented pressure. Therefore, the relevance of our findings to the hemodynamic milieu of high arterial pressure, or cardiovascular pathologies different from those studied in this work, is unknown. It is also possible that small errors in the measurement of aortic diameter may have magnified error in calculation of volume (AR direct ). Additionally, the averaging of AR direct may have induced bias owing to averaging filtering of some waveform features. However, the morphology of diameter and volumetric waveforms were consistent with those measured by others, suggesting this was not a major issue.
Conclusions
This study demonstrates that the aortic reservoir has a meaningful physiological interpretation and adds to a growing body of literature revealing the importance of aortic reservoir function to explain the morphology of the central BP waveform. Further studies to determine the clinical relevance and prognostic use of aortic reservoir function and excess pressure are needed.
